NASA TECHNICAL NOTE NASA TN D-3671

./

LOAN COPY: RETURN
AFVIL (WLIL-2)
KIRTLAND AFB, N ME

iy

NASA TN D-3671

SOME FACTORS INFLUENCING
HEAT TRANSFER TO LIQUID-PROPELLANT

by Roger C. Krueger and Arthur N. Curren

Lewsis Research Center
Cleveland, Obio

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION o WASHINGTON, D. C. « NOVEMBER 1966



TECH LIBRARY KAFB, NM

IR

0130693
NASA TN D-3671

SOME FACTORS INFLUENCING HEAT TRANSFER TO LIQUID-
PROPELLANT ROCKET-THRUST-CHAMBER
COOLANT CHANNELS
By Roger C. Krueger and Arthur N. Curren

Lewis Research Center
Cleveland, Ohio

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

For sale by the Clearinghouse for Federal Scientific and Technica!l Information
Springfield, Virginia 22151 — Price $2.00



SOME FACTORS INFLUENCING HEAT TRANSFER TO LIQUID-PROPELLANT
ROCKET-THRUST-CHAMBER COOLANT CHANNELS

by Roger C. Krueger and Arthur N. Curren

Lewis Research Center

SUMMARY

A digital computer program, using finite-difference techniques, was employed to ob-
tain steady-state wall-temperature and heat-flux patterns in the cross section of a rocket-
thrust-chamber coolant channel. Several peripheral distributions of the coolant and gas-
side heat-transfer coefficients were assumed, and their effects on the wall-temperature
and heat-flux patterns compared. The effects of changing the thickness and thermal con-
ductivity of the channel walls and of changing the braze fillet volume of the cross section
were also investigated. The channel geometry, fluid temperatures, and heat-flux level
were representative of those encountered in an experimental rocket-heat-transfer program
conducted at the Lewis Research Center. Experimentally obtained wall temperatures from
that program were utilized in assessing the calculated results of this study and in deter-
mining which of the assumed heat-transfer-coefficient distributions were most likely to
occur.

INTRODUCTION

Among the problems a rocket-thrust-chamber designer must solve is that of providing
sufficient cooling to assure adequate product life. Many factors arise to complicate this
task; examples include uncertainty of combustion efficiency and possible errors in
thermodynamic and transport properties of the propellant or coolant. Another very im-
portant factor is the converging-diverging geometry of the chamber, which causes axial
changes in the velocity, static temperature, and in many cases the chemical composition
of the propellant. Under these conditions, empirical heat-transfer correlations developed
for constant-area pipe flow are not adequate. For example, reference 1 presents the
axial variations of heat flux for an uncooled thrust chamber and shows that the experimen-
tal heat flux at the throat is approximately 40 percent less than a pipe-flow correlation
would predict.



Further complications, in the case of regeneratively cooled chambers, result from
the fact that the coolant channels form the inner wall of the thrust chamber. Thus, in
most designs, the combustion-gas-flow cross section is not circular., Therefore, al-
though the heat flux to the inner wall may be circumferentially uniform in a gross sense
(if propellant distribution by the injector is homogeneous), some variation of the gas-side
heat-transfer coefficient across each coolant channel may be expected. In such a circum-
stance, the designer, by assuming a circumferentially constant gas-side heat-transfer
coefficient, might successfully predict the heat transfer to the coolant but still incorrectly
estimate the maximum wall temperature attained.

Finally, the coolant channels themselves are often not circular tubes, and the prin-
cipal or only heat flux into them occurs over a fraction of their circumferences. This
situation has been only partly investigated. For instance, reference 2 contains analyses
of the peripheral heat-flux variation around the inner surfaces of noncircular channels.
Reference 3 describes experiments performed with a triangular channel. However, both
investigations involve a single channel with heat generation in each wall. Their applica-
tion to a case of convection heat transfer to part of the periphery may be somewhat
remote.

The present investigation was performed to determine whether peripheral variations
of the coolant-side heat-transfer coefficient would appreciably affect coolant-channel wall-
temperature and heat-flux patterns; to determine if peripheral variations of the gas-side
heat-transfer coefficients might exist, and if so the magnitude of those variations; and to
explore the effects on wall temperature of changing the thickness and thermal conductivity
of the channel walls. To accomplish this, a digital computer program, using finite-
difference techniques, was employed. Channel geometry, channel wall properties, and
boundary conditions were assumed, and wall-temperature and heat-flux patterns were cal-
culated.

The channel geometry, fluid temperatures, and functions for average values of the
heat-transfer coefficients were taken from an experimental rocket-heat-transfer program
conducted at the Lewis Research Center. Experimentally obtained wall temperatures
from that program were used to assess the calculated results, and to determine which of
the assumed gas-side heat-transfer-coefficient distributions was most likely to occur,
Finally, the computer program was utilized to determine whether the extra braze mate-
rial used in the experimental wall thermocouple installations had seriously affected the
observed temperature patterns.

The calculations were carried out at an axial location within the region of highest heat
flux in the experimental program so that the effects of different assumptions would appear
as clearly as possible. The measured wall-temperature patterns and the mode of coolant-
channel failure had originally called attention to the fact that appreciable peripheral
variations of gas- or coolant-side heat-transfer coefficient, or both, might be occurring.
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EXPERIMENTAL BACKGROUND
General Description

The questions investigated in this report arose from an as-yet unpublished
regeneratively-cooled rocket-heat-transfer project conducted at Lewis. In the thrust
chambers employed, the fuel was first used to cool the walls before entering the com-
bustion chamber. The coolant channels were designed nearly rectangular in cross sec-
tion. The chamber as fabricated had grooves of considerable depth between the coolant
channels. The general configuration of the thrust chamber, and the cross section of the
coolant channel with grooves between channels, is shown in figures 1(a) and (b), respec-
tively. Peripherally varying heat-transfer coefficients would be likely to occur with this
geometry.

Also shown in figure 1(b) are the thermocouples used to obtain wall and coolant tem-
peratures. In each chamber, these sensor groups were located at several axial locations
in two of the coolant channels. In four firings at a chamber pressure of 60 pounds per
square inch absolute and 12 percent fuel (the conditions summarized in table I) with the
first experimental thrust chamber, the midspan wall thermocouple readings at the study
section ranged from 1282° to 1630° R. Correspondingly, the quarter-span thermocouple
readings were 1158° to 1568° R. Investigation of 22 pairs of readings at or near the
study section in several thrust chambers and under several operating conditions showed
that the quarter-span thermocouple read an arithmetical average value of approximately
120° less than the midspan thermocouple. Although the two temperatures were quite
sensitive to operating conditions, the difference between them was remarkably constant.
The wall temperatures are a function of the heat-transfer-coefficient distributions; the

TABLE 1. - REFERENCED THRUST-CHAMBER OPERATING CONDITIONS
FOR PROPELLANT MIXTURE OF 12 PERCENT HYDROGEN

WITH LIQUID FLUORINE

Measured parameters Values
Fluorine weight flow rate, Ib/S€C .....ocoiiiiiiriiinininnnnnnen 2.55
Hydrogen weight flow rate, 1ID/S€C ...cvvviiiernenrensnnesnnnces 0.348
Combustion pressure, psia......ooiiiiriiiieireiiierereiacnannn 60
Coolant static temperature at study section, R : 330
Ambient air temperature, e < S 530

Computed parameters

Combustion gas total temperature, R < 6194
Combustion gas static temperature at study section, b : S 6090




TABLE II. - THERMOCOUPLE READINGS AT STUDY SECTION FOR

SEVERAL THRUST CHAMBERS AND RUNS

[Nominal chamber pressure, 60 psia; arithmetical average
of temperature differences, 122° R; median value of
temperature differences, 133° R, ]

Thrust |Run| Fuel, | Midspan wall |Quarter-span wall |Temperature
chamber percent | temperature, temperature, difference,

OR OR OR

1 1 12 1599 1435 164
2 12 1399 1263 136

3 12 1630 1568 62

4 12 1282 1158 124

5 15 1188 1073 115

6 5 1135 1005 130

7 15 1286 1183 103

8 15 1253 1144 109

2 9 18 985 2805 180
9 21058 2899 159

9 b1137 by056 81

10 21099 2941 158

10 by985 by167 118

10 b1106 T 144

3 11 18 1100 931 169
11 18 827 917 -90

4 12 12 1730 1587 143
13 12 1272 1215 57

14 15 1273 1108 165

15 15 1253 1048 205

15 15 1447 1281 166

16 15 1175 1089 86

AMeasurements taken 0. 5 in. upstream of study section.
bMeasurements taken 0. 5 in. downstream of study section.




Figure 2. - Phatograph of cross section of ceolant channels
showing typical failure near channef cenierline.

average levels of the heat-itransfer coeificients and temperatures depended on the operat-
ing conditions, but presumably the form of the coefficient and temperature distributions
was more dependent on the chamber geometry. The thermocouple readings are listed in
table II.

A channel section in the convergent region of the thrust chamber, near the throat,
was chosen for this study. Experimentally, maximum heat-flux values occurred in the
neighborhood of the study section; therefore, the effects of varying any parameter would
be most obvious there. The particular thrust-chamber operating conditions used for this
study were chosen because they yielded high heat-flux values and because data from sev-
eral runs were available.

Chaunuel failure paiterns tended to confirm the temperature trends shown by the
thermocouples. These failures took the form of axial cracks in the coolant channel bot-
toms, near the center of the channel, indicating that the highest wall temperatures and/or
temperature gradients probably occurred there. A typical failure is shown in figure 2.
These cracks occurred during firings at higher chamber pressures (300 psia) in which the
wall temperatures were several hundred degrees higher. Insufficient data from these
firings precluded periorming this study under the more severe conditions.

Instrument Accuracy

A firm assessment of the accuracy of the installed thermocouples is not available,
However, the possible sources of error may be discussed in qualitative terms. These
sources include thermocouple size, the presence of excess braze, and the uncertainty of
the thermocouple location.

As indicated previously, the thermocouple assemblies were placed in slots in the
channel walls. The thermocouple outer diameter was 0. 020 inch, while the wall thickness
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was about 0. 021 to 0.022 inch., The thermocouples were then brazed in place. The braze
not only filled the remainder of the slots, but also tended to fill the interchannel grooves
at the instrument locations. Thus, the installed sensors probably disturbed thg system

to some extent. However, the first condition was mitigated by two other factors. The
thermocouple manufacturing method produced a mass of 304 stainless steel, of dimensions
comparable to the thermocouple outside diameter, at the actual junction of the wire pairs
(fig. 1(c)). Furthermore, the braze material used had a thermal conductivity approxi-
mately that of the channel wall. In the immediate vicinity of the junctions then, the dif-
ferent materials present had similar thermal conductivity values. An evaluation of the
effects of the excess braze material is included in this report.

The third error source was the uncertainty of instrument location. There was some
indication that some of the bent quarter-span thermocouple assemblies tended to straighten
during brazing; this would move the junctions perhaps several thousandths of an inch closer
to the gas side of the channel wall than was intended. It is therefore believed that location
errors would tend to make the recorded quarter-span temperatures too high. There was
no reason to believe that the midspan junction moved.

The point pertinent to this report is the observation that the mid-span wall tempera-
ture was higher than the quarter-span wall temperature. This result was obtained with
many sets of thermocouples installed in several thrust chambers, as shown in table II
(p. 5), and confirmed by channel failure patterns observed at higher chamber pressures.

METHOD OF ANALYSIS
Assumptions

The basic analytical problem was to determine the temperature distribution in the
channel material when the fluid temperatures and heat-transfer-coefficient distributions
around the boundaries were assumed. Because steady-state conditions were attained in
the experimental thrust chambers, this analysis considered steady-state cases. Also,
because the experimental axial-wall-temperature gradients were much smaller than the
radial gradients, heat conduction along the chamber axis was neglected. It was further
assumed that no quantity varied from channel to channel; consequently, because of sym-
metry, it was only necessary to study half a channel. Finally, in drawing a cross section
for study, a flat channel bottom was assumed, as shown in figure 1(b) (p. 3). The slight
curvature present in the channel bottom of figure 2 was neglected, and so was the pos-
sibility that internal pressure and thermal stress would cause additional bowing under
operating conditions.

For most cases considered, thermal conductivity values for 304L stainless steel



(ref. 4) were used in the bottom and radial sides of the coolant channel, and those for
347 stainless steel (ref. 5) for the top; or outer cover, which in the actual chamber had
been a wire wrapping of similar material (AM 350). The temperature dependence of
thermal conductivity was accounted for in the calculations. The presence of braze mate-
rial in the groove between channels was neglected in most cases. However, some calcu-
latiens were repeated with the grooves completely filled to simulate excess braze present
at the thermocouple installations. The braze was assumed to have the same conductivity
as the channel wall. The two channel configurations are shown in figure 3.

For all cases, the heat-transfer coefficient used outside the wire wrap was calcu-
lated for a horizontal cylinder cooling in air. The choice of coolant and gas-side heat-
transfer-coefficient distributions is discussed in the section CALCULATION PROCEDURE.

Equations and Solution Technique

The first law of thermodynamics combined with Fourier's law of heat conduction, for
the assumptions of variable conductivity, no internal heat generation, and steady-state
conditions, yields the expression for homogeneous materials;

2 (T} + 2 (2T} =0 (1)
ox\ ox oy \ oy

(All symbols are defined in appendix A.) Although closed-form solutions to this equation
have been obtained for simple cases of geometry, boundary conditions, and conductivity
variations, a numerical solution appears the most attractive for the conditions assumed
here. As indicated in figure 3, the section is covered by a network of lines, and the tem-
perature at each intersection (point 0) is found in terms of the temperatures of the sur-
rounding points (1, 2,3, and 4). Equation (1) is by this means approximated as

(UA)I,O(TI - To) + (UA), 0(T2 - To) + (UA)y 0(T3 - To) +(UA) 0(T4 - TO) -0 (2a)

or

z:(UA)i’O(Ti - To) -0 (2b)

Here, U is an overall heat-transfer conductance and is a function of geometry, conduc-
tivity, and convective coefficients and is discussed in detail in appendix B.
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In iteratively solving the system of about 450 linear equations of the form of equation
(2b), initially assumed temperatures or those obtained from a previous iteration are
utilized. In general, the equation is almost never immediately satisfied, but an interim

value of T, called here T('), can be defined

Z(UA)i, oTi

Z(UA)i, 0

which does satisfy it. Then, on the next pass through the equation system, a new value of
T0 is used for computing. This new quantity is

1
T0=

T,(New) = T,(Original) + w[T(') - TO(Original)]

The constants (UA) i,0 are not changed until a pass through the entire system has been
completed to ensure reciprocity of the conductance values from one point to another.

If the quantity w is 1, this method becomes the classical Gauss-Seidel iteration
process described in reference 6. If w is between 1 and 2, the method may be called
""successive overrelaxation. '' This method is discussed in reference 7 and is there
shown, in the linear case, to converge much more quickly than the Gauss-Seidel process
for some optimum range of w. For values greater than 2, however, the process diverges.
A value of 1.4 was used in the calculations for this study. No attempt was made to find
an optimum value, nor was a value of 1 tried to test the advantage of the method.

Accuracy of Solution

As mentioned earlier, the conductance factors were left unchanged until completion
of a pass through the system of equations. Since the temperatures were changed point by
point, in general the temperature and conductance values were not in strict correspond-
ence. However, the thermal conductivity was not a rapidly changing function of tempera-
ture; therefore, this effect would become quite small as convergence proceeded. To
minimize this error at the outset and to reduce the number of iterations required for
convergence, care was taken to begin with reasonable temperature estimates.

In most cases, 2100 passes through the system of equations were performed. At this
number of iterations, comparison of consecutive pass results revealed the average
absolute value of the temperature corrections to be of the order of 0. 0001° R. In the
worst case, with all temperatures but one correct, the one error would then be of the
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order of 0.05° R. A summation of heat input over the convective boundaries was also
performed to provide another check. The heat flows into and out of the section agreed
within about 2 percent.

This 2 percent error in heat flux persisted through several hundred additional iter-
- ations in a trial case and was felt to arise from the effect of grid size on the accuracy of
the equations used. It is shown in reference 6 that, for expressions such as equations (2),
the error in approximating the derivatives approaches zero as fast as the grid size for
unequal spacing of the grid points, or as fast as the square of the grid size for equal
spacing. Thus the error could be reduced by using a finer mesh.

CALCULATION PROCEDURE

Several parameters were varied individually to determine and compare their effects
on coolant-channel wall-temperature and heat-flux distributions. First, three peripheral
distributions of the coolant-side heat-transfer coefficient were investigated while the gas-
side heat-transfer coefficient was held constant. Next, three gas-side-coefficient distri-
butions were assumed, with the coolant-side coefficient held constant. The geometry
shown in figure 3(a) was employed. Then the effects of the gas-side-coefficient distribu-
tions were reexamined by using the geometry of figure 3(b) to simulate the additional
braze material present at thermocouple stations in the experimental thrust chambers.
Finally, the former geometry and constant coolant and gas-side coefficients were used to
explore the effects of changing the thickness and thermal conductivity of the channel wall.
The first of 10 cases, with constant coefficients, the geometry of figure 3(a), and wall
conductivity values of 304 stainless steel, was used as a control case with which to com-
pare others. The heat-transfer coefficients used for the ambient air outside the thrust
chamber were the same for all cases, as shown in figure 4(a).

Coolant-Side Heat-Transfer-Coefficient Variations

The first question considered was what effect a nonuniform coolant heat-transfer co-
efficient might have on the channel wall temperatures and on the heat rejection from the
gas to the coolant. To answer this question, three peripheral distributions of the coeffi-
cient were assumed.

Constant coefficient. - In the first case, a constant heat-transfer coefficient was
used. Its value was calculated from an expression for fully developed turbulent flow in
tubes,
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0.333
0.8/c_u
(E) = 0. 0267<G—dB£) <_p ) (3)
k /s Hf Pg k /g

with properties evaluated at the film temperature

S W,c
If... S S,
2

The wall temperature used was the calculated wall temperature at point VII in figure 3.
The constant in equation (3) was determined, at the axial location in question, from the
unpublished data previously mentioned. The coolant (hydrogen) properties were calculated
by a computer program originally written for reference 8. The resulting constant heat-
transfer coefficient is shown by the solid line in figure 4(b).

Coefficient dependent on velocity distribution. - When a fluid moves through a non-
circular channel, the lines of constant velocity assume shapes depending on the channel
geometry, and the velocity gradient at the wall is no longer constant over the entire
periphery. In such circumstances, the heat flux may also be expected to vary over the
periphery. (The heat flux may itself affect the velocity distribution, but such coupling
will not be considered here.) In reference 2, the cases of square and triangular channels
were analyzed. In both cases, the heat flux to the coolant varied from zero at the corners
to a maximum at the midpoints of the walls, thus giving a large peripheral variation. To
determine the effect of such a variation on wall temperature, the present analysis used a
heat-transfer coefficient profile similar to the square-channel heat-flux distribution
given in the reference. In addition, the heat-transfer coefficient profile assumed retained
nonzero values in the bend region of the channel, since there is no actual corner there.
Thus, some liberties were taken in applying the results of reference 2. The resulting
average heat-transfer coeificient for the entire periphery was very nearly equal to the
constant value assumed in the previous case. The profile is shown by the dashed line in
figure 4(b).

Coefficient dependent on wall temperature. - In the third case, the large variation of
wall temperature from top to bottom of the coolant channel was considered. Such a vari-
ation causes appreciable difference in the properties of the fluid in the layer next to the
wall. For this reason, at each point on the surface, the film temperature was calculated
by using the computed local wall temperature, and the heat-transfer coefficient was ob-
tained at each point from the expression given earlier (eq. (3)). The resulting final dis-
tribution is shown in figure 4(b). This problem was the most complex to calculate of the
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three coolant heat-transfer coefficient cases considered because both the surface temper-
atures and coefficients were initially unknown.

Gas-Side Heat-Transfer-Coefficient Variations

As noted earlier, it has been experimentally observed that the midspan wall thermo-
couple usually reported temperatures about 120° higher than those of the quarter-span
thermocouple. The goal of the gas-side study was to find a heat-transfer-coefficient dis-
tribution that would yield approximately the experimental wall-temperature pattern.

The first distribution assumed was the constant coefficient used in the previously
described coolant-side studies. Therefore, the first gas-side case was actually the con-
trol case. The value of the heat-transfer coefficient was determined from the expression

0.8, \0.333
0.8/T_\" "/c_u
<__hD) - 0.0307(9_1)) <_S> <_P_) (4)
k r u’r Tr k r

where

T, = 0. S(TS + TW) b0.22 4 (c_iﬁ) (Tt - TS)
r

The constant in equation (4) was determined for the study section from the unpublished
data previously mentioned and the reference temperature Tr is from a correlation
method discussed in reference 9. The combustion-gas (hydrogen-fluorine) state at the
study section was calculated by the methods of references 10 and 11, and properties were
obtained by the method of reference 12. Equilibrium chemical composition was assumed.

Two varying distributions of the gas-side coefficient were also assumed. Each con-
sisted of a sine function in the groove, or bend region of the channel, and a linear function
in the flat bottom region. The sine-wave amplitudes and line slopes were so chosen that
each distribution yielded an average value over the projected periphery, which was equal
to the constant coefficient discussed in the preceding paragraph. The constant and two
varying functions are shown in figure 4(c).

The varying functions were chosen because of the noncircular cross section of the
thrust chamber. First, it is probable that the gas-side boundary layer would be thicker
in the interchannel grooves than elsewhere. Second, if a layer of gas remained in a
groove for any significant distance, it would become greatly cooled relative to the main
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stream. Either effect would be equivalent to a reduction of the gas-side heat-transfer
coefficient in the groove region.

The functions chosen admittedly have two deficiencies. First, the slopes of the linear
functions could not be determined from inspection of the section geometry (fig. 3(a), p. 9).
Second, at the side of the channel, neither a zero heat-transfer coefficient nor a cusp in
the function seems physically likely to occur. For these reasons, it is not claimed that
the functions accurately represent what actually occurs in the operating thust chamber.
Yet, by comparing the resulting calculated temperature distributions with the experimen-
tal wall temperatures, it is possible to deduce that the heat-transfer coefficient varies
appreciably between the center and the side of the channel.

After using the gas-side functions with the geometry of figure 3(a), two gas-side
cases were then repeated by using the geometry shown in figure 3(b). This was done to
represent the case in which the thermocouple braze filled the groove between channels,
to determine whether the different geometry would account for the experimental tempera-
ture patterns.

Wall-Thickness and Thermal-Conductivity Effects

The thickness and thermal conductivity of the channel wall were varied in separate
runs. In each case, the coolant and gas-side heat-transfer coefficients were constant
over their respective surfaces. One case was run by using twice the thermal conductivity
of 304 stainless steel, which approximated the conductivity of nickel. There was little
reason to lower the conductivity because 304 stainless steel has approximately the same,
relatively low, conductivity as many high-strength high-temperature alloys. One case
was also performed by using half the wall thickness of the control case, with the channel
internal dimensions held constant. Again, because a thin wall is desirable in a regener-
atively cooled thrust chamber, there was no reason to investigate a thick-wall case.

RESULTS AND DISCUSSION
Coolant-Side Heat-Transfer Coefficients

Although the three assumed coolant-side heat-transfer-coetficient profiles were
quite different, they yielded remarkably similar results, as shown by the temperature
and heat-flux plots in figure 5. All three produced maximum coolant- and gas-side wall
temperatures in the bend region of the channel, rather than at the middle of the bottom
surface. The maximum gas-side wall temperatures varied by only 20°. None of the cal-
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culated temperature profiles agreed with the experimentally observed patterns. The con-
stant and temperature-dependent coefficients gave nearly identical temperature and heat-
flux profiles throughout most of the channel. The velocity-dependent heat-transfer coef-
ficient gave somewhat different temperatures in the bottom region of the channel, pro-
ducing low temperatures at the centerline because the coefficient was at a maximum there.
For the velocity-dependent case, the variations in wall-to-coolant heat flux also differed
from the other two and reflected the variation of the coefficient. The total heat trans-
ferred to the coolant was essentially the same for all three cases; the differences were

no larger than the residual error in the calculations.

The equality of the total heat transfer for the three cases was a result of the differ-
ence between the gas and wall temperatures. This difference was so great that the heat
input to the channel was very insensitive to the wall-temperature differences produced by
the different coolant coefficients. The heat input from the ambient air outside the wire
wrap was too small to affect this result.

The fact that the wall temperatures reached maximum values in the bend region is
attributed to the geometry and to the low thermal conductivity of the wall. As may be
noted in figure 1(b) (p. 3), the bend inner radius was equal to the wall thickness. In this
region of the channel, then, the gas-side surface area was twice the coolant-side surface
area. Because of this area difference, the heat input from the gas was not readily re-
moved by the coolant, and a hot spot resulted. As shown later, the hot spot could be al-
leviated by either a thinner wall or a higher wall thermal conductivity.

In summary, the effects of a peripherally varying coolant heat-transfer-coefficient
distribution were small because of the large gas-to-wall temperature difference and the
channel geometry. Although the exact distribution that occurs is unknown, it appears
entirely adequate here to assume that the coolant coefficient is constant over the periph-
ery.

Gas-Side Heat-Transfer Coefficients

In contrast to the coolant cases, the gas-side heat-transfer-coefficient distributions
assumed produced significant differences in the channel-wall-temperature patterns. For
example, in figure 6, the case with constant gas-side coefficient (the control case),
yielded a minimum gas-side wall temperature of 1350° R in the bottom of the interchannel
groove, a maximum value of 1820° R in the bend region, and a slightly lower value of
1800° R at the channel centerline. The varying coefficients, with maximum to mean
ratios of 1. 26 and 1. 56, gave maximum temperatures at the centerline, with values of
1890° and 1960° R, respectively. The wall-to-coolant heat-flux profiles changed some-
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Figure 6, - Wall-temperature and heat-flux distributions obtained with assumed gas-
side heat-transfer coefficients,
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Figure 7. - Coolant-channel wall temperatures obtained with 1. 56 gas-side heat-transfer-coefficient pro-

assumed gas-side heat-transfer coefficients. . .
files were repeated by using the geometry

shown in figure 3(b) (p. 9) to determine whether the excess braze present at thermocouple
stations would change the wall-temperature profiles and affect the conclusions already
reached. Constant coolant coefficients were again used for these cases. As in the pre-
vious case, the wall-temperature variations grew with increasing nonuniformity of the
gas-side heat-transfer coefficients. Also, the 1. 56 function again yielded temperature
trends in better agreement with experimental data. The 1. 56 heat-transfer-coefficient
profile gave a temperature difference between thermocouple locations of 125° R, com-
pared with a difference of 27° R obtained with the constant coefficient. Thus, the pres-
ence of the thermocouple braze material does not affect the conclusions derived from the
previous geometry. The results are shown in figure 8.

The two cases differed principally in that the flat-bottom geometry had about 15 per-
cent less gas-side surface area than the previous channel configuration. Thus, although
the patterns of heat flux per unit area were much alike, the total heat transfer to the
coolant was about 15 percent less for the flat-bottom case. It is therefore important in
thrust-chamber design to specify the total gas-side surface area at each cross section
with precision, otherwise the rate of coolant enthalpy rise may be miscalculated by an
appreciable margin.
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In summary, from a comparison of experimental temperature distributions with cal-
culated results, it is concluded that a large variation of the gas-side heat-transfer coef-
ficient may exist across the width of a coolant channel. For the cases considered here,
failure to consider this variation resulted in underestimating the maximum gas-side wall
temperature by about 140° R for the channel configuration with a groove, and by 190° R
for the flat-bottom geometry. Of the heat-transfer-coefficient distributions assumed,
the one giving the best agreement with experimental wall-temperature trends has a
centerline-to-average ratio of 1. 56. Though the specific model used may not truly rep-
resent the actual heat-transfer-coefficient distribution, any other function chosen would
require a similar centerline-to-average or centerline-to-side variation to produce experi-
mental wall-temperature patterns. It is also concluded that the total heat transfer to the
coolant can be miscalculated by a substantial margin if the gas-side surface area is not

accurately specified.

Wall Thickness and Thermal Conductivity

The effects of doubling the wall thermal conductivity and the effects of halving the wall
thickness were very similar, as expected. In both cases, the hot spot in the bend region
was alleviated. The gas-side wall temperatures were reduced compared with the control
case, while the coolant-side wall temperatures remained about the same. The wall-to-
coolant heat flux was slightly greater than that for the control case, since the overall
thermal conductance from gas to coolant was higher. The results are shown and com-
pared with the control case in figure 9. As the sketch and part (a) in figure 9 indicate,
the thinner-wall channel has less gas-side surface area. This accounts for the lower heat
flux curve observed in figure 9(b). However, more such channels would be required to
fabricate a chamber of the same gas-side dimensions.

SUMMARY OF RESULTS

Wall-temperature and heat-flux profiles in the cross section of a rocket-thrust-
chamber coolant channel were determined by numerical methods. Several peripheral
distributions of the coolant and gas-side heat-transfer coefficients were assumed, and
the resulting wall-temperature patterns were compared with experimental measurements,
The wall thickness and thermal conductivity of the channel material and the volume of the
braze fillet were also varied. The conclusions are summarized as follows:

1. The gas-side heat-transfer coefficient was shown to vary appreciably over the
width of the coolant channel,
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2. Peripheral variations of the coolant heat-transfer coefficient were shown to have
little effect on the maximum wall temperature.

3. To estimate the heat transferred to the coolant accurately, the gas-side surface
area of the channel must be specified with precision.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, July 27, 1966,
128-31-06-01-22,
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APPENDIX A

SYMBOLS
area, sq in. b 4 horizontal coordinate
specific heat at constant pres- AY vertical distance between grid
sure, Btu/l (lb)(oR) points
thrust chamber internal diam- y vertical coordinate
feter at section in question, M viscosity, 1b/(in. )(sec)
in.
p density, lb/in. 8
coolant channel hydraulic di-
ameter at section in ques- w relaxation constant (dimension-
tion; equal to four times less)
flow cross section area, 1,10, etc. locations on cross sections
divided by wetted perim- Subscripts:
eter, in.
c coolant
mass velocity of gas or cool- )
ant, 1b/(in. 2) (sec) F fluid temperature
heat-transfer coefficient, f film temperature (for evalua-
Btu/(in. %)(sec)(°R) tion of properties)
thermal conductivity, g gas (combustion gas)
Btu/(in. )(sec)(°R) i neighboring point on grid
length of normal line from r reference temperature (for
mesh point to convection evaluation of properties)
surface, in. s static
distance between two mesh t total
points, in.
w wall
heat flow, Btu/(sec)
o 0 central point on grid
temperature, "R
1,2,3,4 neighboring points on grid
overall heat-transfer conduct- Y & &P &
ance, Btu/(in. 2)(sec)(oR) Superscript:

horizontal distance between
grid points

interim value



APPENDIX B

GRID AND EQUATIONS USED IN COMPUTATION
Grid Construction

The gridwork used for the finite-difference equations in this study was constructed to
exploit the several straight-line boundaries of the channel cross section and to aline the
mesh with those surfaces. The mesh is illustrated in figure 3 (p. 9). In the curved region
of the section, the use of circular coordinates would have been a natural choice; however,
the rectangular coordinates were retained to reduce the amount of reprogramming that
might have been necessary to accommodate a fillet of any shape on the combustion-gas
side of the bend.

The grid construction employed here also permitted the channel section to be broken
up into several rectangular or trapezoidal subsections; this simplified some of the pro-
gramming instructions. However, a few irregular transition areas were left, and the
grid points of adjacent subsections had to be overlapped to ensure continuity of tempera-
ture.

Sample Equations

Although the solution to the system of finite-difference equations was described in the
text, the equations themselves were indicated in general terms. The important matter is
the evaluation of the quantity UA, the coefficient of the temperature difference term for
each point-to-point path in the problem. Three examples chosen from the cases encoun-
tered will illustrate the derivation of these.

The simplest case is a point within the wall material with a square mesh, as shown
in figure 10(a). Fourier's expression for one-dimensional heat conduction between two
points is

Q=k2aT
2

In the case at hand, the path area (for unit depth normal to the drawing) is equal to the
mesh length. The distance between points is also equal to the mesh length. Thus, the
expression for net heat flow into the shaded element in the figure is
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Figure 10. - Typical grid situations encountered in finite-difference computations with configuration
studied,

Q= k1,0<T1 - To) +kg o(Tz - To> * k3,0<T3 - To) * k4,0('1'4 - To)

where

. (T, )+ k(To)

N

is the value of conductivity between the points 0 and i. In this case, the conductance

coefficients between points are the average conductivities. Also, in steady state the net
heat flow is equal to zero.

Figure 10(b) shows a point on a convective surface, with a square or rectangular
mesh. Here the net heat flow intc the shaded area is given by
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Q=hAx(rF 0)+k102AX(T -TO) +k202AX<T2 T0)+k30AX(T3—T0)

Here, one of the conductance values is equal to the film coefficient times the mesh length.
If, in addition, the line joining points 0 and 3 is an adiabatic surface (axis of sym-
metry), the equation remains the same but Ty equals T2 and kl,O equals kz,0
Point 1 or 2 is then actually outside the boundary of the channel section, but is included
as a fictitious point.

The third case in figure 10(c) occurs in the bend region of the section and is set up as
follows. First, the heat flux from the fluid to the wall is given by

% = h(TF - Tw)

However, the point in question is not on the surface. If one-dimensional conduction to
that point and equal areas for conduction and convection are assumed, with conductivity
evaluated at temperature T0 to avoid an extra iterative loop, the heat flux is

With some manipulation, the total heat flow into the shaded region may then be expressed
as

Q- hp;L (Tp - To) +ky, o(?)(Tl - Tg) + kg, o(%) (T2 - To)
1+— . 2,0

ko

Here the area-length ratios, convection area, distance from the point to the surface, and
heat-transfer coefficient are specific to each such point and must be supplied as data.
This case is in contrast to the first case in which the geometrical quantities are all iden-
tical and need not be considered.
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